We introduce a new device architecture for the independent mechanical and electrostatic tuning of nanoscale charge transport. In contrast to previous gated mechanical break junctions with suspended source-drain electrodes, the devices presented here prevent an electromechanical tuning of the electrode gap by the gate. This significant improvement originates from a direct deposition of the source and the drain electrodes on the gate dielectric. The plasma-enhanced native oxide on the aluminum gate electrode enables measurements at gate voltages up to 1.8 V at cryogenic temperatures. Throughout the bending-controlled tuning of the source-drain distance, the electrical continuity of the gate electrode is maintained. A nanoscale island in the Coulomb blockade regime serves as a first experimental test system for the devices, in which the mechanical and electrical control of charge transport is demonstrated.
Introduction
During recent years, the number of experimental techniques in molecular electronics has increased tremendously [1] . Two-terminal measurements on single molecules can now be carried out using conducting atomic force microscopes, scanning tunneling microscopes (STMs), or mechanically controllable break junctions (MCBJs). In lithographic MCBJs, the bending of a flexible substrate is exploited to control the distance between a pair of nanofabricated electrodes with subangstrom precision [2] . Break junction measurements at a fixed bias voltage enable studies of the statistics of the low-bias conductance [3] and the time-dependent evolution [4, 5] of single-molecule junctions for hundreds of different configurations of the metal-molecule interface. Statistical measurements of current-voltage characteristics yield information on the electronic structure of molecular junctions [6, 7] . Vibrational modes can be revealed by inelastic tunneling spectroscopy (IETS) at low temperatures [8, 9] . Despite this wealth of experimental techniques, the amount of information that can be extracted from two-terminal measurements is limited. Some important characteristics of molecular junctions, such as the electronic level spacing and the dependence of the electron-vibron coupling on the charge state of the molecule, can only be obtained by modulating the potential on the molecule with a gate electrode.
To ensure a large electrostatic coupling of the molecular junction to the gate, almost all three-terminal studies to date have employed the electromigration method. Here, a thin metal wire is deposited directly on top of a gate electrode and broken by means of a high current [10] and, in some cases, thermal activation [11, 12] . This method is hampered by the statistical nature of the electromigration process, which prevents a precise control of the gap between the two resulting electrodes and leads to low yields of molecular junctions around a few per cent [13] . Moreover, it has been shown that electromigration can lead to the formation of gold clusters in the source-drain gap, the spectroscopic signature of which can be similar to molecular junctions [13] .
The ability to control the spacing of the source-drain electrode pair represents an elegant solution to the drawbacks of electromigration. If an electrode gap can be formed by mechanical breaking alone, excessive heating and the formation of nanoscale clusters can be avoided. To date, gating with mechanical control has been demonstrated in a STM [14] and in gated MCBJs on 200 μm thick silicon substrates [15] .
In the latter case, the highly doped substrate served as the back gate for a pair of suspended source-drain electrodes.
To prevent the brittle devices from breaking, however, the electrode displacement in the gated MCBJs had to be limited to a few angstroms, and electromigration was used to fully or partially break the junctions. We have recently demonstrated that this limitation can be overcome by fabricating gated MCBJs on phosphor bronze substrates, which are flexible enough to break the asfabricated electrode pair mechanically [16] . However, all devices with suspended source-drain electrodes exhibit an unwanted electromechanical effect of the gate field: it leads to a bending and a distance modulation of the source-drain electrodes, which may cause a convolution of mechanical and electrostatic tuning in molecular junctions.
Here, we report a novel type of gated MCBJ that can be broken by bending alone, that has mechanically stable sourcedrain electrodes, and that possesses a high gate coupling. The sandwich-type MCBJs are based on a pair of thin gold electrodes that are deposited directly on a plasmaoxidized aluminum gate, similar to three-terminal devices used in electromigration-based measurements [17] . Figure 1 (a) presents two micrographs of a device. The structure is suspended above a flexible phosphor bronze substrate with a polyimide coating, similar to lithographically fabricated twoterminal MCBJs [2] . The gap between the source-drain electrodes, which are located on the wide and thick gate, can be tuned with subangstrom precision by controlling the bending of the substrate.
Experimental details
The fabrication of the gated MCBJs builds on a batch process for two-terminal junctions that has been described earlier [18] . Initially, phosphor bronze wafers are polished, cleaned thoroughly, and coated with an insulating and planarizing polyimide layer of about 3 μm thickness (PI2610, HD Microsystems). The devices on these wafers are then fabricated by repeated spin-coating of double-layer resist (MMA/MAA copolymer and PMMA 950k), patterning with high-resolution e-beam lithography, evaporation of metal layers, and lift-off in hot acetone. Each substrate contains two electrically isolated gated junctions. Figure 1 (c) presents an overview of the different structural layers of the gated MCBJs. In the first step we fabricate lithography markers (2 nm Ti followed by 130 nm Au, not shown) on the bare wafers. Subsequently, two thin connector pads (3 nm Cr and 37 nm Au) are aligned with respect to these markers. These pads establish a metallic connection between the aluminum gate and the large access wires of the gated MCBJ. In the following step, the aluminum gate (1 nm Ti and 60 nm Al, evaporated at a base pressure of 5 × 10 −7 mbar and a speed of 0.1 nm s −1 ) is aligned with the pads. It is known that aluminum surfaces form a native oxide layer when exposed to ambient atmosphere [19, 20] . However, we found that the quality of the native oxide that forms on our evaporated gate structures is insufficient for reliable electrical isolation. To increase the strength of the native aluminum oxide, the wafers are exposed to a high-power oxygen plasma in a reactive ion etcher (O 2 flow 20 sccm, pressure 0.1 mbar, RF power 150 W, duration 10 s). This treatment has been used earlier for the formation of about 3 nm of aluminum oxide [21, 22] and appears to be sufficient for the electrical isolation of the gate from the source and the drain electrodes.
On top of the gate, a thin gold bridge with a 40 nm-wide constriction is patterned. Before the evaporation of this bridge structure (20 nm Au) the surface of the gate is cleaned by reactive ion etching in an oxygen plasma (O 2 flow 20 sccm, pressure 3 μbar, RF power 50 W, duration 15 s). This socalled descum step removes resist residue from the gate surface and ensures a clean interface with the gold electrodes. In the last patterning step, large wires and contact pads (2 nm Ti and 170 nm Au) are deposited to electrically access the gold bridge and the gate electrode. It is important to deposit wires that are much thicker than the metallic structures they contact in order to ensure a good step coverage and a continuous electrical connection. The fabrication of the gated MCBJs is completed by isotropic dry etching in a reactive ion plasma of CF 4 and O 2 (flow rate ratio 6:50 sccm, pressure 0.2 mbar, RF power 30 W), which removes part of the polyimide layer. This leads to the suspended structure that is depicted in figure 1(a).
Mechanical and electrical characterization of the devices
To test the performance of the gated MCBJ architecture, we have studied clean devices at both room temperature and at 7 K. We found that the gold bridge can be stretched and broken mechanically while the continuity of the gate electrode is maintained. Parts (a) and (b) of figure 2 present the breaking and fusing characteristics of a particular device at room temperature and cryogenic temperatures, respectively. Throughout the bending of the device, the conductance of the gold bridge and the continuity of the gate electrode were monitored simultaneously (see inset in figure 2(a)). As in two-terminal MCBJs, the conductance of the sourcedrain electrode pair decreases upon bending the substrate. The electrodes exhibit a jump out of contact after the last conductance plateau at 1G 0 = 2e 2 / h and an exponential conductance decay in the tunneling regime. The steady resistance along the gate electrode and the 100 M series resistor confirms that the gate is not broken during the tuning of the source-drain distance. During the fusing of the junction at room temperature, a rather large backlash and a deviation from the exponential tunneling dependence can be observed. These must be attributed to the experimental conditions: the mobility of the gold at room temperature may lead to a retraction of the electrodes after breaking and an apparent mechanical backlash that is absent at cryogenic temperatures (see figure 2(b)). The smaller conductance slope and the slight plateau formation in the fusing characteristics at room temperature could be due to the adsorption of gaseous impurities from the vacuum environment [23] .
At cryogenic temperatures the conductance typically increases exponentially during the fusing of the junction, confirming the cleanliness of the electrode surfaces. We have determined the displacement ratio from the tunneling slope of 20 fusing characteristics of a clean device in the conductance regime from 10 −4 to 10 −3 G 0 . The analysis yields a ratio of r = ∂d/∂w ≈ 1.5 × 10 −5 , which is smaller than, but on the same order as, the value in two-terminal devices [24] . Most likely, the actuation of the source-drain electrode pair independent of the underlying gate electrode is enabled by both the geometry and the combination of materials in the gated MCBJs: the larger thickness prevents the gate electrode from breaking as the substrate is bent; the gold bridge, in contrast, has been designed for a larger strain concentration and breaks at its smallest cross section (see figure 1(b) ). Besides, the absence of an adhesion layer may facilitate a sliding motion on top of the aluminum oxide, either very locally or along the entire bridge.
It is important to note that the initial cross section of the source-drain bridge determines the performance of the gated MCBJs. In the device presented in figure 2 , the bridge was first broken at room temperature, leading to a slight retraction of the electrodes. During the cooling to 6 K the device was then held at a conductance of 10G 0 . Breaking the corresponding thin gold bridge at cryogenic temperatures requires only a small bending range and protects the gate. For another device that was cooled down in the as-fabricated state, a much larger substrate bending was required to break the source-drain electrode pair, resulting in a rupture of the gate electrode.
The quality of the plasma-enhanced aluminum oxide in the gated MCBJs was found to be sufficient for three-terminal measurements. In contrast to gated MCBJs with suspended source-drain electrodes [16] , the sandwich-type devices did not show any gate effect on the junction conductance in the tunneling regime. In a total of six devices we measured a roomtemperature leakage current of 40 ± 17 pA at a gate voltage of 1 V. Leakage currents at 6 K were comparable. Figure 2 (c) presents a plot of the room-temperature leakage current from the gate to the as-fabricated gold bridge as well as to each electrode after breaking. The leakage currents to electrode 1 and 2 differ significantly, indicating a large influence of the local insulator characteristics.
Bending-controlled Coulomb blockade
To establish the mechanical and electrostatic tuning of singlemolecule charge transport we studied C 60 in two gated MCBJ devices. The junctions were initially broken in vacuum. Subsequently, the setup was vented with nitrogen gas, and a droplet of a dilute solution of the molecules in toluene was left to dry in the junction area. After re-evacuating the setup, we cooled the junctions to 7 K while using an active feedback loop to keep their conductance in the tunneling regime. This prevents an unintentional fusing of the MCBJs, which could expel molecules from the junction area.
In contrast to earlier, electromigration-based experiments on C 60 [25, 15, 26] , our measurements did not show Coulomb blockade characteristics, even after multiple attempts to reconfigure the junctions by careful breaking and fusing between about 2G 0 and the open state. Therefore, we fused one junction to a conductance of more than 10G 0 , corresponding to a contact area of about 1 nm 2 [27] , to ensure a clean contact area and applied a voltage ramp to deliberately perform electromigration at cryogenic temperatures. When carried out rapidly and without a feedback on the junction conductance, the electromigration process can lead to extensive Joule heating and the spontaneous formation of gold clusters in the electrode gap [28] . In three-terminal measurements with electromigrated source-drain electrodes it is hence necessary to unambiguously relate the detected spectroscopic features to the molecule under investigation [29] . In our case, however, the particles may serve as a useful test case for Coulomb blockade transport.
Since not every voltage ramp forms islands that contribute to transport, we repeatedly electromigrated and fused the junction until we observed gate-dependent transport characteristics. In contrast to regular electromigration devices our gated MCBJs allow us to re-establish the contact by relaxing the bending of the substrate. This leads to a reduction of the gap between the source and the drain and, eventually, a fusing of the electrodes. A new electromigration run can then be used to break the contact again. Figure 3 (a) presents the three consecutive I V characteristics of the source-drain electrode pair during the electromigration process. As the bias voltage is increased, the current increases superlinearly. The underlying increase in the bridge conductance may be due to an annealing of the metal bridge by Joule heating. Above a certain voltage, the current drops spontaneously below the detection limit, sometimes via intermediate steps. This conductance drop indicates the successful formation of an electrode gap. The removal of gold atoms at high currents has led to a steady reduction of the cross section, a decrease in conductance, and, eventually, the breaking of the gold bridge.
After the third electromigration run, mechanically tunable and gate-dependent transport characteristics could be observed. Most likely, these can be attributed to gold clusters in the gap. However, we cannot exclude that we in fact probed a single C 60 molecule. We will hence refer to the object in the electrode gap as an island. Figure 3 (b) presents plots of the drain current I (black) and the differential conductance dI /dV S (red) at a fixed bias voltage of 1 mV as a function of the gate voltage. In our experiment (see also the schematic in figure 1(c) ), the measured drain current represents the sum of the source-drain current and the gate leakage. Since the source-drain current in this measurement is small, the drain current is mainly given by the gate leakage. Hence, its characteristics are similar to the tunneling curves in figure 2(c) . It is important to note that the gate leakage current does not affect our threeterminal measurements significantly, since it is much smaller than the typical currents across single-molecule junctions. Spectroscopic data of the island in the electrode gap can be derived from the differential conductance dI /dV S , which is independent of the gate leakage. The peak at V G = 1.7 V in the red plot in figure 3(b) can be ascribed to a degeneracy point, where Coulomb blockade is lifted and sequential tunneling through the island is allowed.
Parts (c)-(f) of figure 3 present the differential conductance maps of the gateable island for a series of different source-drain distances. A detailed discussion of the characteristics will follow below. All of the stability diagrams exhibit black regions around zero bias where the current is suppressed; the island is in Coulomb blockade. These regions are framed by upward and downward sloped lines that mark the transition to sequential tunneling transport through the island.
In all stability diagrams, at least one additional, diagonal line with a large positive slope can be observed. Comparable features have recently been attributed to the presence of a second, parallel island between the sourcedrain electrodes [30] . If the two islands in the gap are capacitively coupled, the charging of one island influences the local potential on the other. This effect is particularly apparent in figure 3(c) , where the size of the Coulomb gap around V G = −1 V changes abruptly at the diagonal line. Furthermore, the stability diagram in figure 3(d) shows two abrupt changes at V G = −0.1 and 1.2 V. At these switching events, the Coulomb gap changes, but the slopes β and −γ of the diamond edges remain similar. The switching must be due to rearrangements in the electrostatic environment, which are consistent with the presence of parallel islands. In the following, we will ignore these features and restrict our discussion to large and positive gate voltages where the state of the main island is unaffected.
As the distance between the electrodes is modified, the stability diagrams change significantly. In the first diagram in figure 3(c) , a degeneracy point at a gate voltage of about 1.7 V can be observed. When the electrode distance is increased by approximately 3Å, the degeneracy point shifts to more positive gate voltages, leaving only a small part of the charging diamond in the accessible measurement window. As the source-drain distance is decreased to its initial value (see figure 3(e) ), the original stability diagram is not recovered. Apparently, the electrode motion has led to permanent changes in the electrostatic environment of the island. However, the observed shift of the degeneracy point is recovered qualitatively as the electrode distance is decreased by another 7.5Å (see figure 3(f) ). In between these measurements the electrode distance was decreased in steps on the order of 1.5Å. With the exception of two switching events (with a smaller extent than the ones in figure 3(d) ), the stability diagrams evolved smoothly between parts (e) and (f) of figure 3 .
In the following, we will explore two different scenarios to explain the observed junction evolution.
Mechanical stretching can lead to changes in the capacitances to the source and the drain electrodes, which control the electrostatic potential of the island. Thereby, a change in capacitive coupling can lead to a shift of the electronic levels on the island. Mechanically induced changes of the Coulomb gap at V G = 0 have been observed in gated MCBJs bridged by a C 60 molecule [15] and in two-terminal measurements on metal clusters in STMs [31, 32] . In those earlier studies, the shift of the degeneracy point V deg has been related to a contact potential ϕ between the electrodes and the nearest electronic level on the island,
where C α with α = S, D, G are the capacitances from the island to the source, the drain, and the gate, respectively (see left energy diagram in figure 4(a) ). Changes of C α in the capacitances with distance may then shift the position of the degeneracy point in gate voltage. In our measurements, the slopes β and −γ of the positive and negative diamond edges in the stability diagrams allow us to extract the ratios of the device capacitances, but not their absolute values. The results of these fits are summarized in table 1. The voltage of the degeneracy point in figure 3(f) can be read off directly, V deg,f = 0.8 V. From an extrapolation of the charging diamond edges in figure 3(e) we can derive the other degeneracy point, V deg,e ≈ 3.4 V, and, using the gate couplings given above, a modulation of the level position ϕ from 34 to 8 meV during the fusing of the junction. Using equation (1) we may relate the shift in degeneracy points, V deg,e→ f ≈ 0.8 − 3.4 V = −2.6 V to a change in capacitances ( C S + C D )/C G ≈ −76. This value is much larger than the observed variation between the different (see table 1 ); furthermore, the shift of the degeneracy point follows a systematic trend that is not seen in the capacitance ratios. Hence, the origin of the shift must differ from the scenario that was discussed in earlier studies [31, 32, 15] . A likely alternative explanation for the observed characteristics lies in a mechanically induced change of the electronic coupling, but not the capacitances, of the island. In contrast to the capacitive coupling, which depends linearly on the distance from the island to the electrodes, the electronic coupling exhibits a stronger, exponential dependence. In the remainder of this section we will analyze the device characteristics in this respect.
Information on the electronic coupling to the source and the drain electrodes can be obtained from the appearance of excited states and the widths of the Coulomb diamond edges. The sequential tunneling regime below the positive edge of the charging diamond in figure 3(e) shows several parallel lines, whereas the differential conductance above the negative edge of the charging diamond increases smoothly with bias. This difference is illustrated further in figure 4(b) , which presents the evolution of the differential conductance at V G = 0.5 V between parts e and f of figure 3. For d = d 0 , the differential conductance characteristics exhibit a peak at −56 mV, a shoulder at −69 mV and a broad peak at −100 mV, but no features at positive bias voltages.
The resonances may be attributed to electronic or vibrational excitations that increase the device current by opening up additional transport channels. The fact that they are only resolved at negative bias voltages indicates a significantly stronger electronic coupling of the island to the drain electrode [33] . This situation is illustrated by the left energy diagram in figure 4(a) . Once an electronic level (solid line) enters the bias window, single electrons can tunnel from the source to the island. For even higher bias voltages, the first excited state of the island (dashed line) becomes accessible. If the lifetime of this state is sufficiently long, the electrons can tunnel on to the drain before the island relaxes to its ground state. This process leads to a resonance in the differential conductance, as observed for negative bias voltages. Under positive bias, however, the island relaxes to its ground state before the electron can tunnel off, and all signatures of excited states are lost.
During the fusing of the junction, the electronic coupling to both the source and the drain electrode may be modified. However, studies of the Kondo effect in C 60 have suggested that the mechanical tuning of asymmetrically coupled junctions mainly affects the weakly coupled metalmolecule interface [34] . Such a tuning is reasonable because a stronger electronic coupling is likely accompanied by a stronger mechanical bond. Accordingly, we can assume that the decrease in electrode distance increases the coupling to the source, whereas the coupling to the drain remains similar (see the right energy diagram in figure 4(a) ). The increased coupling to the source then causes level broadening, charge transfer, and a shift of the level towards the Fermi energy of the electrodes. The capacitive coupling, which varies much more weakly with distance than the tunnel coupling, stays comparable. This simple model is consistent with the observed junction characteristics. As the electrode distance decreases, the degeneracy point in the stability diagram moves towards V G = 0 V and a significant broadening of the three resonances at negative bias can be observed, but the capacitance ratios in the junction remain similar.
Conclusions
We have established a fabrication scheme for mechanically stable gated MCBJs. The combination of a plasma-oxidized aluminum gate with a thin gold bridge allows for the independent tuning of the distance between the sourcedrain electrodes at room temperature and at liquid helium temperatures, provided that the cross section of the electrodes is small.
We have demonstrated the electrostatic and mechanical tuning of the Coulomb blockade characteristics of an island that was formed during electromigration. The aluminum oxide insulator allows for the application of gate voltages up to 1.8 V; the oxidation of the as-evaporated gate in pure oxygen [21] or the deposition of a self-assembled monolayer of aliphatic phosphonic acids [22] may lead to a further improvement in the leakage characteristics. Finally, a reduction of the cross section of the fabricated gold bridge may decrease the bending range required for breaking and ensure the continuity of the gate in all measurements at cryogenic temperatures. While we have not yet been able to demonstrate the simultaneous mechanical and electrical control of a singlemolecule junction, the devices discussed here will enable thorough studies of molecular transport in the near future.
